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and Evelyne Ségal-Bendirdjian*‡
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†Institut National de la Santé et de la Recherche Médicale U362, Institut Gustave Roussy, 39 rue Camille Desmoulins, 94800 Villejuif, France

Edited by Pierre Chambon, Institut de Génétique et de Biologie Moléculaire et Cellulaire (IGBMC), Strasbourg, France, and approved March 20, 2001
(received for review September 29, 2000)

Human telomerase, a cellular reverse transcriptase (hTERT), is a
nuclear ribonucleoprotein enzyme complex that catalyzes the
synthesis and extension of telomeric DNA. This enzyme is specif-
ically activated in most malignant tumors but is usually inactive in
normal somatic cells, suggesting that telomerase plays an impor-
tant role in cellular immortalization and tumorigenesis. Terminal
maturation of tumor cells has been associated with the repression
of telomerase activity. Using maturation-sensitive and -resistant
NB4 cell lines, we analyzed the pattern of telomerase expression
during the therapeutic treatment of acute promyelocytic leukemia
(APL) by retinoids. Two pathways leading to the down-regulation
of hTERT and telomerase activity were identified. The first path-
way results in a rapid down-regulation of telomerase that is
associated with retinoic acid receptor (RAR)-dependent maturation
of NB4 cells. Furthermore, during NB4 cell maturation, obtained
independently of RAR by retinoic X receptor (RXR)-specific agonists
(rexinoids), no change in telomerase activity was observed, sug-
gesting that hTERT regulation requires a specific signaling and
occurs autonomously. A second pathway of hTERT regulation,
identified in the RAR-responsive, maturation-resistant NB4-R1 cell
line, results in a down-regulation of telomerase that develops
slowly during two weeks of all-trans retinoic acid (ATRA) treat-
ment. This pathway leads to telomere shortening, growth arrest,
and cell death, all events that are overcome by ectopic expression
of hTERT. These findings demonstrate a clear and full dissociation
between the process of tumor cell maturation and the regulation
of hTERT mRNA expression and telomerase activity by retinoids.
We propose telomerase expression as an efficient and selective
target of retinoids in the therapy of tumors.

Human telomerase, a ribonucleoprotein enzyme, extends
chromosome ends with (TTAGGG)n telomeric sequences,

and thus plays a key role in maintaining telomere length and in
cellular replicative lifespan (1–3). Several observations indicate
that telomeres, DNA-protein structures located at the ends of
eukaryotic chromosomes, are important in the immortalization
process (4). In most human normal cells, telomeric DNA is
progressively lost with each round of cell division (5). Thus,
telomeres shorten to a critical length and signal the onset of
senescence (6). In contrast, telomere length is stable in immor-
talized cells, including tumor cells. This stabilization of telomere
length seems to be achieved through the induction of a telom-
erase activity (7). The human telomerase is composed of
template RNA components (hTR; ref. 8) and two proteins,
telomerase-associated protein-1 (TP-1; ref. 9) and telomerase
reverse transcriptase (hTERT), which is thought to be the
enzyme’s catalytic subunit (10–14). The level of expression of
hTERT is the rate-limiting component of this complex: most
normal human somatic cells do not have detectable telomerase
activity and lack expression of hTERT, whereas most immor-
talized cells have detectable telomerase activity and express
hTERT (10, 11). The correlation between telomerase activity

and human tumors has led to the hypothesis that tumor growth
requires reactivation of telomerase. Therefore, telomerase is a
challenging target for drug development. The factors and mech-
anisms involved in the regulation of the telomerase remain at
primer stages of understanding (15–18). In vivo and ex vivo
observations show that telomerase is repressed during lineage
stem cell maturation in embryonic development (19–22). There
is mounting evidence that hormones may control telomerase
activity (23–30). Indeed, recent results indicate that estrogens
(23, 27) and androgens (28, 29) activate telomerase, depending
on the target tissues. A possible regulation of hTERT by growth
hormone-releasing hormone antagonist (26) or gonadotropin-
releasing hormone analogues (30) has also been suggested.
Whereas telomerase becomes activated during neoplastic trans-
formation, its activity decreases during differentiation of various
immortal cells in response to pharmacological agents, including
retinoids (31–37). Repression of telomerase activity was dem-
onstrated to be associated with hTERT mRNA down-regulation,
but, noticeably, the expression of hTR and TP1 remained
unchanged (11, 37). In these studies, the repression of telomer-
ase has always been considered as a consequence of maturation
andyor growth arrest, rather than a direct hormonal regulation.

In this work, we investigated further the biological significance
of the action of retinoids in regulating telomerase activity during
maturation of tumor cells and questioned whether a mechanistic
link between these two phenomena did exist. To this aim, we
benefit from a model of acute promyelocytic leukemia (APL),
the NB4 cell line (38), where response to retinoic acid (RA) and
maturation can be dissociated by several means. This cell line
bears the t(15;17) translocation, expresses chimerical promyelo-
cytic leukemia (PML)-retinoic acid receptor (RAR)-a proteins,
and is maturation responsive to retinoids (38, 39). Contrastingly,
NB4-R1 and NB4-R2 sublines displayed no maturation in the
presence of RA (40). However, NB4-R1 cells do respond to RA
and become competent to undergo terminal maturation, which
can be triggered by cAMP-elevating agents (41), suggesting a
crucial interplay between retinoids and cAMP signaling for
maturation. No such cooperation exists in the NB4-R2 cells,
which were clearly unresponsive to RA, because of the mutation
of Gln411 to an in-phase stop codon in the ligand-binding
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domain of PML-RARa (42, 43). Although, RAR signaling was
disrupted in NB4-R2 cells, retinoic X receptor (RXR)-specific
agonists (‘‘rexinoids’’) cooperate with cAMP signaling to induce
maturation of otherwise resistant cells. This novel RARa-
independent signaling pathway mediated by ‘‘pure’’ RXR ago-
nists similarly induces maturation of NB4, NB4-R1, and NB4-R2
cells in the context of an activated protein kinase A. Therefore,
in this APL model, granulocytic maturation can be induced by
two distinct signaling pathways: a RARa-dependent pathway,
and a RAR-independent, RXR-dependent pathway (42). More-
over, the NB4-R1 cells exhibit the unique feature of being
responsive to, and activated by, RA without embarking on cell
maturation. This biological cell system was exploited to deter-
mine the consequences of activation of either of each pathway on
maturation, cell growth, and telomerase activity, as well as
expression of telomerase components (hTERT, hTR, and TP-1).
We identified two levels of regulation of telomerase by retinoids
and showed that retinoids can regulate telomerase and telomere
length independently of cell maturation, leading ultimately to
extinction of the tumor cell clone.

Materials and Methods
Reagents and Cell Lines. All-trans retinoic acid (ATRA), 9-cis-
retinoic acid (9-cis-RA), and 8-(4-chlorophenylthio)-cAMP (8-
CPT-cAMP) were purchased from Sigma. Bristol-Myers Squibb
generously provided SR11237 (BMS649). The human APL cell
line NB4, and its resistant subclones, NB4-R1 and NB4-R2, were
cultured as described previously (39–41, 44). Maturation was
evaluated by morphology with May-Grünwald-Giemsa and by
nitroblue tetrazolium (NBT; Sigma) reduction assay as previ-
ously described (40).

Measurement of Telomerase Activity and Telomere Length. Telom-
erase activity was measured by a modified version of the
standard telomerase repeat amplification protocol (TRAP)
method (45), the telomerase PCR-ELISA kit (Roche Diagnos-
tics), and TRAPeze Elisa telomerase detection kit (Appligene
Quantum) according to the manufacturer’s instructions during
22 PCR cycles. Direct visualization of the TRAP ladder is
possible on a 15% non-denaturing PAGE, which was stained for
45 min in SYBRGreen I (Roche Diagnostics). Telomere length
was measured by using a non-radioactive chemiluminescent
assay (Roche Diagnostics) according to the manufacturer’s
instructions.

PCR Analysis of hTERT, hTR, and TP-1 Expression. Expression of
hTERT, hTR, and TP1 mRNA was analyzed by semiquantitative
reverse transcription (RT)-PCR amplification. Total cellular
RNA was collected from samples by using TRIzol reagent (Life
Technologies). RT-PCRs were carried out with 100 ng of mRNA
by using the ‘‘Reverse Transcription System’’ (Promega) follow-
ing the manufacturer’s instructions. Two hTERT cDNA ampli-
fication protocols were used, and performed as previously
described (21). The first hTERT cDNA amplification used
TERT-1784S and TERT-1928A primers. b-actin mRNA used as
an external standard was amplified from the same cDNA
reaction mixture by using the primers 774 and 775. The second
hTERT cDNA amplification used TERT-2164S and TERT-
2620A oligonucleotides. Primers 774 and 775 were used as above
for the b-actin control. hTR cDNA and TP-1 cDNA were
amplified by using primers F3b, R3c, and TP1.1, TP1.2, respec-
tively, and conditions described by Nakamura et al. (10). Primers
K136 and K137 were used for the glyceraldehyde-3-phosphate
dehydrogenase control. Amplified products were electropho-
resed on a 2% agarose gel and stained with ethidium bromide
(0.5 mgyml).

Plasmids and Retroviral Infections. The murine stem cell virus
retroviral vector Mig-R1, containing encephalomyocarditis virus
internal ribosomal entry sequence and green fluorescent protein
(GFP) as a reporter gene (46), was gently provided by W. S. Pear
(University of Pennsylvania, Philadelphia, PA). Mig-R1-hTERT
vector was obtained by subcloning the catalytic unit of human
telomerase (hTERT) sequence from pBABE-puro-hTERT con-
struct (47), which was a generous gift from R. A. Weinberg
(Massachusetts Institute of Technology, Cambridge, MA), into
Mig-R1 so that 59 viral long terminal repeat (LTR) promoter
drives its expression. Each Mig-R1 construct and pN8 epsilon
vectors containing Moloney murine leukemia virus gag pol and
vesicular stomatitis virus-G sequences were transfected into the
HEK293 EBNA cell line by using Exgen 500 (Euromedex,
Souffelweyersheim, France). Mig-R1 control vector and Mig-
R1-hTERT supernatants were harvested for further NB4-R1 cell
infections, which were carried out in the presence of 4 mg of
Polybreneyml. Infected NB4-R1 cells were sorted two days later
for GFP fluorescence.

Results
Constitutive Telomerase Activity in Maturation Responsive and Re-
sistant NB4 Cell Lines. NB4 cells constitutively expressed signifi-
cant telomerase activity assay as shown in Fig. 1A Upper. TRAP
assay performed on various quantities of protein extract indi-
cated that 1 mg of protein extract provided a quantitative and
reproducible assay for telomerase activity in these cells. Samples
with telomerase activity produce a 6-base incremental ladder of
TRAP products that can be visualized directly as a TRAP ladder
on electrophoretic gels (Fig. 1 A Lower). A reduced signal
intensity of telomerase activity measured by both assays re-
f lected a concentration-dependent response to proteins in the
cellular extracts (samples from 1 mg to 0 mg). The signal was not
observed when the extracts were pretreated with RNase A or
heat to abolish the RNA and protein components of telomerase,
respectively. These results confirmed the telomerase specificity
of the signal measured by using this assay. In this assay, NB4,
NB4-R1, and NB4-R2 cells displayed similar constitutive telom-
erase activity (Fig. 1B).

Fig. 1. Telomerase activity in NB4, NB4-R1, and NB4-R2 cells. (A) Increasing
amounts of NB4 cell extracts were analyzed for telomerase activity (T.A.) by a
TRAP-ELISA assay (Upper). 1 1 R, NB4 extracts (1 mg) pretreated for 20 min at
37°C with RNase A (1 mgyml). 1 1 H, NB4 extracts (1 mg) inactivated by
incubation at 85°C for 10 min. The amplified telomerase products obtained in
this assay were visualized on electrophoretic gel (Lower). (B) Telomerase
activity was compared in NB4, NB4-R1, and NB4-R2 cells (Upper). The PCR
products were visualized on electrophoretic gel (Lower). Serial dilutions of
each extract were analyzed: 1 mg (lanes 1, 5, and 9); 0.5 mg (lanes 2, 6, and 10);
0.125 mg (lanes 3, 7, and 11); 0.031 mg (lanes 4, 8, and 12); and 0 mg (lane 13).
M, molecular weight marker.
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Rapid Loss of Telomerase Activity During Retinoid-Induced NB4 Cell
Maturation. NB4 cells treated with 1 mM ATRA ceased to grow,
became NBT positive (Fig. 2Aa), and exhibited morphologic
granulocyte-like maturation (not shown). These changes were
accompanied by a marked decrease in telomerase activity, to
only 10% of the control cell activity after 96 h of treatment.
Telomerase activity in extracts from untreated NB4 cells was not
inhibited by adding directly 1 mM ATRA to the extract itself (not
shown), thus excluding a direct biochemical inhibition of telom-
erase activity by the drug. Furthermore, when mixed with fixed
amounts of untreated NB4 cell extracts, extracts from fully
matured NB4 cells did not significantly inhibit the telomerase
activity of NB4 cells, thus excluding the induction of a telomerase
repressor during the maturation process (not shown). NB4-R1
and NB4-R2 cells, which displayed neither growth inhibition nor
maturation during the 96-h exposure to ATRA, showed negli-
gible variations in telomerase activity (Fig. 2 Ab and Ac).
Therefore, the inhibition of telomerase activity correlated with
the induction of growth arrest andyor the attainment of a
maturated state.

It was previously shown (41) that NB4-R1 cells do respond to
RA and become competent to undergo terminal maturation,
which can be achieved by cAMP-elevating agents such as 8-CPT-
cAMP. No such signaling cooperation was observed in the
NB4-R2 cells. Time course experiments showed a down-
regulation of telomerase activity by 4 days of treatment, with the
combined action of the two drugs in NB4-R1 cells, accompany-
ing cell growth inhibition and granulocytic maturation (Fig.

2Ae). The combination of the two signals resulted, as previously
shown (41), in an acceleration of the maturation process of NB4
cells, and a faster loss of telomerase activity was observed (Fig.
2Ad). In contrast, no significant variation in telomerase activity
and no maturation were observed in NB4-R2 cells (Fig. 2 Af ).
These results support a relationship between the down-
regulation of the telomerase activity and terminal maturation.

Recent observations have suggested that telomerase activity is
growth regulated, high in the proliferating cells, and low in
quiescent cells (48). As maturated cells ceased growth, the
down-regulation of telomerase activity might have been simply
related to the cellular proliferation status. However, although on
its own 8-CPT-cAMP treatment (100 mM) of NB4 cells was able
to induce cell growth inhibition, no change in telomerase activity
was observed (Fig. 2 Ag–Ai). These results demonstrate that the
down-regulation of telomerase activity, which occurred concom-
itantly with RAR-dependent terminal maturation of APL cells,
is not a mere consequence of growth inhibition.

Rexinoid Signaling Does Not Regulate Telomerase Activity in Matured
NB4 Cells. The biological actions of RA are mediated by RAR
receptors (a,b,g) and RXR receptors (a,b,g; ref. 49). Although
RAR signaling is disrupted in NB4-R2 cells, a novel RARa-
independent-RXR signaling pathway, which requires the simul-
taneous activation of protein kinase A (through cAMP signaling)
can trigger NB4-R2 cell maturation (42). To compare the
involvement of each signaling in the regulation of telomerase,
telomerase activity was analyzed after treatment of NB4-R2 cells
by 8-CPT-cAMP in combination with either a ‘‘pure’’ RXR
agonist (SR11237) or the pan-agonist (9-cis-RA), which will
activate only the RXR pathway in this RAR signaling-defective
cell line. Although both SR11237 and 9-cis-RA induced full
maturation of NB4-R2 cells in the presence of 8-CPT-cAMP
(70–90% of NBT-positive cells after 96 h of treatment), through
the RXR-signaling pathway, no significant variation in telom-
erase activity was observed (Fig. 2B). Similar results were
observed in NB4 cells treated by SR11237 in the presence of
8-CPT-cAMP, whereas it was shown earlier that, in these cells,
a rapid telomerase down-regulation accompanied ATRA
(RAR-dependent)-induced maturation. Taken together, these
results clearly indicate that the down-regulation of telomerase
activity associated with maturation of APL cells requires a
RAR-signaling pathway and that this regulation is not mecha-
nistically linked to cell maturation, because RXR-dependent
maturation occurred in the absence of telomerase down-
regulation.

Slowly Developing Loss of Telomerase Activity During a Long-Term
ATRA Treatment Leads to Shortening of Telomeres and Cell Death
Independently of Cell Maturation. The consequences on cell growth
and telomerase expression of a long-term activation of the
RAR-dependent pathway were analyzed comparatively in
NB4-R1 and NB4-R2 cells cultured for several weeks in the
presence of ATRA (1 mM) (Fig. 3A).

Within the first passages (4 days) of treatment, telomerase
activity of NB4-R1 cells remained at about 85–100% of the
untreated controls. From day 5, telomerase activity fell progres-
sively and stabilized at less than 20% of the activity present in the
untreated cells by day 11. During the first 2 wk, growth rates were
similar in treated and control cultures, with a doubling time of
24–25 h on average. However, in treated cultures, day 14
constituted a turning point where cell growth began to decrease.
At day 20, cells stopped dividing and died rapidly without any
sign of maturation or senescence (not shown). Importantly, the
down-regulation of telomerase activity by ATRA was reversible
during the period of incubation preceding this day. Indeed,
withdrawal of ATRA from treated NB4-R1 cells at day 11
restored rapidly telomerase activity, and normal growth rate was

Fig. 2. Telomerase activity in treated NB4, NB4-R1, and NB4-R2 cells. (A)
Relative telomerase activity (■) in NB4, NB4-R1, and NB4-R2 cells during a 96-h
exposure to ATRA (1 mM) alone, 8-CPT-cAMP (100 mM) alone, or a combination
of the two. The percentage of cell growth (Œ) and differentiation (NBT
positive cells; F) during the same treatment are indicated. (B) Telomerase
activity (T.A.) in RXR agonist-treated NB4 and NB4-R2 cells. NB4 and NB4-R2
cells were exposed for 96 h to SR11237 (0.2 mM) alone, 8-CPT-cAMP (200 mM)
alone, or a combination of the two. NB4-R2 cells were exposed for 96 h to
9-cis-RA (0.2 mM) alone, 8-CPT-cAMP (200 mM) alone, or a combination of the
two. Telomerase activity was expressed as a percentage of that detected in
untreated cells.
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recovered. In a similar study, in NB4-R2 cells, only a small
decrease in growth rate was observed, but cells continued to
proliferate, and, after a low initial decrease, telomerase activity
remained stable (Fig. 3A Right), even after more than 60 days of
ATRA treatment (not shown).

The decrease in cell proliferation and cell death likely resulted
from a telomerase-dependent mechanism, rather than being
caused by a long-term toxicity of the drug. Indeed, the mean
telomere length of ATRA-treated NB4-R1 cells was reduced
(from '3 kb to '2 kb) by 21 days of treatment, i.e., after about
10 days of culture with a low level of telomerase activity (Fig.
3B). Because NB4-R1 cells have short telomeres, a significant
portion of these telomeres is expected to be at critical stage of
shortening; thus, even a total erosion of about '1 kb in the
average telomere length value could be enough to trigger crisis
and cell death. Importantly, telomere shortening was reversible.
Twenty days after ATRA withdrawal (day 31), the eroded
telomeres of ATRA-treated NB4-R1 cells had returned to
approximately their initial length. Note that the telomere length
of ATRA-treated NB4-R2 cells remained at the same level as the
untreated cells throughout at least 60 days of cultivation.

Down-Regulation of hTERT mRNA (Not hTR and TP-1) Expression by
Retinoids. To determine the mechanism of action of retinoids on
telomerase, we evaluated the expression of all three telomerase
components, hTERT, hTR, and TP-1, in NB4, NB4-R1, and
NB4-R2 cells after treatment. The treatment of NB4 cells with
ATRA (1 mM) led to a rapid down-regulation of hTERT mRNA
within 24 h measured by RT-PCR (Fig. 4A) using primers either
for a region of the transcript upstream of the reverse transcrip-
tion domain (TERT-1784S and TERT-1928A) or within the
reverse transcriptase domain of hTERT (TERT-2164S and
TERT-2620A) where two alternate splice sites were previously
described (21). In contrast, hTR and TP-1 expression levels of
maturated NB4 cells remained largely unchanged, as compared
with the control cells. In NB4-R1 cells, the level of hTERT
mRNA remained stable during the 96 h of ATRA exposure (Fig.
4B). However, treatment of these cells with ATRA and 8-CPT-
cAMP induced a rapid decline of hTERT mRNA, closely
correlated with telomerase activity and induction of maturation.

In contrast, the level of hTERT mRNA in ATRA maturation-
resistant NB4-R2-treated cells remained stable during 96 h of
ATRA treatment, and the combined signaling of ATRA and
8-CPT-cAMP had no effect. Note that the RXR agonist,
SR11237, alone or in combination with 8-CPT-cAMP, also had
no effect on hTERT mRNA levels (Fig. 4C). These results
confirm that the mechanism of telomerase down-regulation
observed in maturated NB4 and NB4-R1 cells involves hTERT
gene transcription. The down-regulation of telomerase in long-
term treatment of NB4-R1 cells with ATRA proceeded through
the same mechanism (Fig. 4D). As expected, by the high level of
telomerase activity, no significant decrease in hTERT expression
was observed in the same condition in NB4-R2 cells.

Ectopic Expression of hTERT Durably Protects Long-Term ATRA-
Treated NB4-R1 Cells from Cell Death. Altogether, our results
suggest that, after a long-term treatment of maturation-resistant
NB4-R1 cells with ATRA, loss of telomerase activity and
telomere shortening cause cell death. To substantiate this result,
we investigated whether ectopic expression of hTERT could
rescue long-term ATRA-treated NB4-R1 cells from cell death.
For this purpose, NB4-R1 cells infected with either the recom-
binant virus expressing both hTERT protein and the GFP
reporter from the same transcript (designed NB4-R1yhTERT)
or the control vector virus expressing only the GFP protein
(designed NB4-R1yGFP) were selected on the basis of high GFP
expression and sorted.

Cell growth and telomerase expression were then analyzed
comparatively in hTERT- and GFP-expressing cell lines during
a long-term ATRA treatment. Long-term ATRA treatment of
NB4-R1yGFP cells induced a progressive decrease of telomer-
ase activity by day 8. In contrast, NB4-R1yhTERT cells were
strongly positive for telomerase activity, and, as expected, this

Fig. 3. Change in telomerase activity during a long-term treatment of
NB4-R1- and NB4-R2-treated cells. (A) NB4-R1 and NB4-R2 were cultured in the
continuous presence of ATRA (1 mM). After culturing 11 days in the presence
of ATRA, half of the NB4-R1 cell culture was switched to ATRA-free medium
and labeled R.A. At the indicated time, protein extracts were prepared and
telomerase activity (T.A.) was measured and expressed as a percentage of that
detected in untreated cells (Upper). Pink histograms refer to the NB4-R1 cells
that were cultured 20 days after ATRA removal from the medium. Growth
curves showing the cumulative increase in population doubling (P.D.) with
time for each culture were presented in the Bottom panels. (B) Telomere
restriction fragment length of NB4-R1 (day 21) and NB4-R2 (days 14 and 39)
during a long-term treatment with 1 mM ATRA. Lane R, the NB4-R1 cells that
were cultured 20 days after ATRA removal. Fig. 4. RT-PCR analysis of expression of hTERT, TP-1, and hTR mRNA in NB4

cell lines. (A) NB4 cells were exposed to 1 mM ATRA during 96 h. (B) NB4-R1
were exposed to ATRA (1 mM), 8-CPT (200 mM) alone, or to a combination of
both drugs. (C) NB4-R2 were exposed to ATRA (1 mM), 8-CPT (200 mM) alone,
or to a combination of both drugs (Upper) or SR11237 (0.2 mM), 8-CPT (200 mM)
alone, or to a combination of both drugs (Lower). NB4-R1 and NB4-R2 (D) cells
were cultured in the continuous presence of ATRA (1 mM). Actin and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) expression were used as con-
trols for RNA loading and RT efficiency.
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activity remained stable during treatment. During the first 4 wk
of culture in the continuous presence of ATRA (Fig. 5), both
NB4-R1yGFP and NB4-R1yhTERT demonstrated an identical
period of reduced growth despite marked differences in the
levels of hTERT. This observation indicates that some effects of
ATRA on cell growth occurred in a telomerase-independent

mechanism. Whereas NB4-R1yGFP cells entered crisis suddenly
after day 31 and underwent massive cell death, NB4-R1yhTERT
cells continued to proliferate.

The mean telomere length of NB4-R1yGFP cells was reduced
at day 25. Even though it was not possible to show a significant
increase in telomerase activity in NB4-R1 cells expressing ec-
topic telomerase, the average telomere length of untreated cells
was slightly longer than that of untreated NB4-R1yGFP cells.
Furthermore, in these cells, a long-term ATRA treatment failed
to induce a significant shortening of telomeric length. Because
ectopic expression of hTERT was sufficient to prevent both
telomere shortening and cell death, these results clearly dem-
onstrate that repression of telomerase and the subsequent
telomere shortening are the main causes of cell death. However,
it could not be formally excluded that long-term ATRA treat-
ment activates other cellular processes that cooperate with
telomere shortening to trigger cell death.

Finally, the new retroviral-transfected NB4-R1yhTERT cell
line exhibited normal granulocytic maturation when cells were
treated with a combination of ATRA and 8-CPT-cAMP (not
shown). These data are in keeping with the important notion that
hTERT steady expression neither prevents, nor alters, granulo-
cytic maturation, whereas hTERT activity remains a key param-
eter that determines long-term cell survival and thus the fate of
tumor cells failing to mature with retinoids.

Discussion
Previous reports have indicated that terminal maturation of
immortal cells, including HL60 and NB4 cells, is associated with
a rapid inhibition of telomerase activity, preceded by a down-
regulation of the telomerase reverse transcriptase expression
(31–37). Given that under these conditions the regulation of
telomerase occurred without telomere shortening (36), this
phenomenon should not contribute to extinguish the tumor cell
clone. In addition, it has been reported (32) that, in two murine
cell lines (p19 embryonic carcinoma and Neuro2A neuroblas-
toma cells), maturation with ATRA did not result in a loss of
telomerase activity. Therefore, the question as to whether te-
lomerase could be regulated independently of cell maturation,
and thus therapeutically exploited in maturation-resistant cells,
remained to be clarified.

In the present work, we showed two levels of regulation of
telomerase by retinoids in NB4 cells (Table 1). A rapid down-
regulation associated with ATRA-induced granulocytic matu-
ration of NB4 cells, and a slowly developing repression during
long-term treatment of maturation-resistant cells by ATRA that
led to shortening of telomeres and cell death. In both cases, the

Fig. 5. Change in telomerase activity during a long-term treatment of
control NB4-R1yGFP and hTERT-expressing NB4-R1 (NB4-R1yhTERT) cells. NB4-
R1yGFP and NB4-R1yhTERT cells were cultured in the continuous presence of
ATRA (1 mM) from 3 days after infection. (A) At the indicated times, protein
extracts were prepared, and telomerase activity was measured. Enzyme ac-
tivity (T.A.) is expressed as a percentage of that detected in untreated cells
(Upper). Growth curves showing the cumulative increase in population dou-
bling (P.D.) with time for each culture are presented in the Bottom panels. At
time *, most of the cells underwent cell death. (B) Telomere restriction
fragment length of NB4-R1yhTERT (days 25 and 42) and NB4-R1yGFP (days 25
and 42) during a long-term treatment with 1 mM ATRA. (C) Differences in
growth and morphology of NB4-R1yGFP and NB4-R1yhTERT cells. At day 31,
morphologies are similar in both cell culture. However, pictures of mitosis
were more frequent in the NB4-R1yhTERT cell culture. At day 35, most of the
NB4-R1yGFP cells had undergone cell death. In contrast, the NB4-R1yhTERT
cells continued to proliferate, indicating that rescue from cell death and
proliferation occurred as a direct result of ectopic expression of hTERT.

Table 1. Effect of retinoids, rexinoid, and 8-CPT-cAMP treatments on telomerase expression, maturation, growth inhibition, and
cell death

NB4, 4 days

NB4-R1

NB4-R2, 4 days4 days 8 days 20 days

Treatments, days
ATRA 2 1 2 1 2 2 2 1 2 1 1 1 2 1 2 1 2 2

SR11237 2 2 2 2 1 1 2 2 2 2 2 2 2 2 2 2 1 1

cAMP 2 2 1 1 2 1 2 2 1 1 2 2 2 2 1 1 2 1

Biological responses
hTERT mRNA C ➘ 5 ➘ 5 5 C 5 5 ➘ ➘ ➘ C 5 5 5 5 5

Telomerase activity C ➘ 5 ➘ 5 5 C 5 5 ➘ ➘ ➘ C 5 5 5 5 5

Maturation NO YES NO YES NO YES NO NO NO YES NO NO NO NO NO NO NO YES
Growth inhibition NO YES YES YES NO YES NO NO YES YES NO YES NO NO YES YES NO YES
Cell death NO NO NO NO NO NO NO NO NO NO NO YES NO NO NO NO NO NO

Variations are estimated compared to untreated cells (C). 1, the presence of the corresponding drug in the cell culture; 2, its absence; 5, no change compared
with C; ➘, a strong decrease compared with C. The data correspond to experiments described in Figs. 2, 3, and 4 and have been confirmed by at least three
independent experiments.
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loss of telomerase activity resulted from a down-regulation of
hTERT mRNA, through the activation of a RAR-dependent
signaling pathway.

Our findings provide direct evidence, in human cells, of a
dissociation between the loss of telomerase activity and the
process of maturation. These findings are of importance for the
therapy of APL because they show that a telomerase-dependent
mechanism can be targeted by retinoids in maturation-resistant
cells, provided that the RAR signaling remained functional. The
antitumor potential of this biological response comes from
telomere shortening and consequent growth arrest and cell
death. However, our observation of a regrowth of telomeres to
initial length on cessation of ATRA addition and cell recovery
furnishes the evidence that any benefit of this antitumor re-
sponse would be lost if the treatment is prematurely interrupted.
Combining maturation therapy and telomerase-targeted ther-
apy, one could envisage the eradication of both maturation-
sensitive and -resistant tumor cells, sequentially using the same
drug. The integration of a telomerase-based antitumor response
in therapeutic protocols should now be considered.

Our results have broader implications. It has been shown (23,
27–29) that hormones, including estrogens and androgens, reg-

ulate positively the expression of telomerase in hormone-
responsive cell systems. Given their negative action on telom-
erase activity, retinoids may participate in an equilibrium
between pro- and anti-telomerase signaling, necessary to tissue
homeostasis during development, in addition to their role as
antitumor regulators. The implication of such networks of
hormonal signaling for the regulation of telomerase in several
important human pathologies should now be investigated further.
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